Using dissipative particle dynamics (DPD), we simulate nanoscale segregation, water diffusion, and proton conductivity in hydrated sulfonated polystyrene (sPS). We employ a novel model [Lee et al. J. Chem. Theory Comput. 11(9), 4395-4403 (2015)] that incorporates protonation/deprotonation equilibria into DPD simulations. The polymer and water are modeled by coarse-grained beads interacting via short-range soft repulsion and smeared charge electrostatic potentials. The proton is introduced as a separate charged bead that forms dissociable Morse bonds with the base beads representing water and sulfonate anions. Morse bond formation and breakup artificially mimics the Grotthuss mechanism of proton hopping between the bases. The DPD model is parameterized by matching the proton mobility in bulk water, dissociation constant of benzenesulfonic acid, and liquid-liquid equilibrium of water-ethylbenzene solutions. The DPD simulations semi-quantitatively predict nanoscale segregation in the hydrated sPS into hydrophobic and hydrophilic subphases, water self-diffusion, and proton mobility. As the hydration level increases, the hydrophilic subphase exhibits a percolation transition from isolated water clusters to a 3D network. The analysis of hydrophilic subphase connectivity and water diffusion demonstrates the importance of the dynamic percolation effect of formation and breakup of temporary junctions between water clusters. The proposed DPD model qualitatively predicts the ratio of proton to water self-diffusion and its dependence on the hydration level that is in reasonable agreement with experiments. C 2016 AIP Publishing LLC. [http://dx
I. INTRODUCTION
The presented paper is the first attempt to model directly proton diffusion in a hydrated polyelectrolyte using dissipative particle dynamics (DPD). Polyelectrolyte membranes (PEMs) are employed in proton exchange membrane fuel cells, and a tremendous experimental and theoretical effort is invested in exploration and prediction of PEM structure and transport properties. Polyelectrolyte for fuel cells typically consists of a hydrophobic organic backbone, to which strong acid groups are attached. Upon hydration (or solvation by other protonating compounds that are also used in PEM 1 ), the acid groups dissociate, releasing protons and making the membrane proton-conductive. Because PEM have both hydrophobic and hydrophilic components, their structure is strongly non-uniform and may be very complex. Typically, hydrated PEM segregates onto a hydrophilic subphase formed by the acid groups, protons, and polar solvents, and a hydrophobic subphase formed by the organic backbone. The hydrophilic subphase forms a network of clusters and channels through which water and protons diffuse. The network morphology is determined by the chemical structure of the polyelectrolyte and the hydration level (here denoted as HL and defined as the mass of adsorbed water divided by the mass of dry polymer). Thus, the proton transport through PEM is controlled by a) Author to whom correspondence should be addressed. Electronic mail:
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several phenomena that have very different characteristic spatial and temporal scales: (1) dissociation of the individual acid groups, (2) proton transfer between solvent molecules and/or acid groups, and (3) overall segregation morphology of the hydrated PEM. Due to the wide range of the scales determining water and proton transport in PEM, their modeling typically employs hybrid approaches, where different techniques are utilized to model the membrane segregation and water/proton diffusion on different levels. The segregation morphology whose typical scale ranges from several to tens of nanometers is predicted by mesoscale methods, such as thermodynamic modeling, 2, 3 self-consistent field theory, [4] [5] [6] MesoDyn, 7 coarse grained molecular dynamics (CG MD) [8] [9] [10] [11] [12] or DPD. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] Then, the diffusion of water and protons is considered in a static structure obtained from mesoscale modeling. 25, 27 Alternatively, water and ion diffusion is modeled in pre-determined "ideal" environments such as cylindrical channels 28, 29 and then the results for ideal pores are extrapolated onto the macroscopic system using pore network models to predict overall transport properties 30, 31 or to obtain insights on pore structure and diffusion mechanisms from comparison of simulation results with experiments. 28, 32 Because Nafion is the best-known PEM material, most simulation studies considered Nafion and other similar perfluorinated polyelectrolytes. The first DPD simulation of Nafion was conducted by Yamamoto and Hyodo. the mixing energy calculations conducted with atomistic modeling. The electrostatic interactions were implicitly mimicked by short-range forces. 14 The authors found irregular segregation morphologies, with reasonable correspondence to experimental results. They suggested that the proton conductivity might be estimated from water cluster connectivity in the obtained structures. Later, Dorenbos and Suga 27 and Wu et al., 21, 23 employed the same model for studies of nanostructure and water diffusion in several perfluorinated ionomers that differed by equivalent weight and sidechain length. Dorenbos and Suga 27 estimated water diffusion in the resulting DPD structures by mapping the segregated structure onto a lattice; each lattice site belonged to either mobile (aqueous) or immobile (organic) subphase. Water self-diffusion coefficients were estimated using the random walks on the lattice digitized replicas. The authors concluded that this approach cannot be applied to proton conductivity, since the lattice replica of nano-segregated PEM structures do not carry any information about the local environment around given lattice site and therefore are unable to properly account for the interaction between protons and negatively charged sulfonate groups. Later, Dorenbos et al. 33 used the models developed for bulk nafion in simulations of the PEM in contact with carbon catalyst support.
Sawada et al. 34 accounted for possible cross-linking of the perfluorinated skeleton chains and found that crosslinking leads to much smaller hydrophilic aggregates of only 1.8 nm in diameter. Elliott et al. 20 combined DPD results with experimental SAXS/SANS studies using an original model-independent procedure. The modeling revealed a multilevel membrane organization, with hydrophilic-hydrophobic segregation on smaller scale and larger scale organization of the fluorocarbon backbone. This result is consistent with the NMR studies. 35, 36 Jorn and Voth 37 modeled the nanostructure of segregated polymer with standard short range DPD potentials, and then, considered proton transport in the structures obtained using smoothed particle hydrodynamics (SPH). 38 Transport coefficients and coarse-grained forces for the polymer backbone, side chain, proton, and water interactions were derived from atomistic MD simulations. The proton conductance profiles determined in this simulation at scales of 40 nm are in semi-quantitative agreement with results of earlier experiments. 39, 40 The authors also showed that accounting for the electrostatic interactions is crucial for the improvement of proton transport modeling with DPD. Albeit not directly related to DPD, discussions on proton transfer regarding to both vehicular and structural diffusion in hydrated PEM of different morphologies should also be noted. 37, [41] [42] [43] [44] [45] [46] [47] [48] DPD models with electrostatics considered implicitly were applied to other polyelectrolytes, such as sulfonated poly(phenylene) sulfone (sPSO2) at different sulfonation levels (SLs), 49 SPEEK, 50 and grafted copolymers with varying type and the attachment of the side chain. 17 Explicit treatment of electrostatic interactions in DPD was enabled by the development of smeared charge models. In this approach, the charge is distributed around the bead center: linear, 51 Slater-type exponential, 52 Gaussiantype, 53 and Bessel-type 54 distributions of charge density were employed in the literature. 54 The charge distributions are isotropic and spherically symmetric. The charges interact in an isotropic medium of a uniform dielectric constant ε, although newly introduced polarizable models 55 enable more precise simulations at extra computational cost. The smeared charge approach was applied to modeling self-assembly in hydrated metal-substituted Nafion 25 that enabled the first explicit charge DPD simulation of PEM. The adsorption isotherms were calculated by Widom trial insertions of water beads into the Nafion structures generated with DPD, and the saturation hydration levels were identified for polymer of different equivalent weights. Water diffusion was estimated by the random walk simulation in lattice replicas of the segregated polymer. The simulation results were in good agreement with the experiment on potassium-substituted Nafion.
This succinct review shows that in published mesoscale studies of polyelectrolytes, dissociation/association of acid groups was considered indirectly. The degree of dissociation has to be essentially pre-assumed. For example, in the recent DPD simulation 25 of metal-substituted Nafion polymer at low water content, the dissociation degree was fixed and the respective fraction of the alkali metal counterions was considered as dissociated from their sulfonate groups and represented by hydrated counter-ion beads; the rest of the counterions were kept attached to the sidechains, and such pairs were modeled by neutral beads. Thus, the dissociation degree was determined by the coarse graining scheme rather than by chemical consideration. Alternatively, each dissociating group may be assigned a fractional charge according to the degree calculated theoretically. This approach was employed in DPD simulations of α-synuclein that contains both carbonic acid and amine groups, 56 and in modeling of ionic diblock surfactants by Posel et al. 57 Both approaches share the same major drawback: the dissociation of a particular counter-ion is determined by the macroscopic properties such as hydration or pH. In reality, the dissociation of a proton and its mobility is determined by local environment around it. Therefore, it is desirable to embed directly the dissociation mechanism into the mesoscale simulation forcefield.
Here, we present a direct DPD study of proton diffusion in hydrated polyelectrolytes. The basic approach to incorporation of proton into DPD simulations was suggested recently. 61 Proton is modeled as a special P-bead; the protonating compounds (e.g., water and acid anions) are modeled as proton-receptive base beads, and they interact with P-beads by dissociative Morse potential. The model calibration is performed by matching the simulated proton mobility in bulk water and dissociation degree in dilute solutions of reference acids to the experimental data. Now, we extend this approach onto PEM drawing on the example of sulfonated polystyrene (sPS). sPS is a practically important polymer and various sPS based materials (especially block copolymers of sPS and polyolefins) are used in proton exchange fuel cells; their industrial potential is supported by a low cost, as they are generally cheaper than perfluorinated PEMs of Nafion type. In sPS-polyolefin block copolymers, waterswollen sPS forms hydrophilic domains, which are segregated onto the aqueous subphase formed by the sulfonic acid groups surrounded by water and protons and the hydrophobic alkylbenzene subphase. The segregation inside hydrated sPS was observed both experimentally and in atomistic simulations. [58] [59] [60] The morphology is irregular and depends on the level of sulfonation, and the scale of segregation is believed to be relatively small. Small size of hydrophilic channels, tangible dissociation constant of the acid group, and ability to vary the sulfonation level substantially make sPS an ideal system for examining the advantages and limitations of our DPD approach. It should be noted that, a DPD model of benzenesulfonic acid, which is a fragment of sPS, was developed in our previous work. 61 The paper is structured as follows: In Section II, we introduce the coarse grained model of sPS and describe polymer dissection into beads, coarse-grained forcefield, and its parameterization. We also present the model of proton and the mechanism of its diffusion with the proposed DPD model. In Section III, we discuss the results of DPD simulations of hydrated sPS. We describe the morphology of segregation and the mechanisms of water diffusion at different hydration levels. We also estimate the proton conductivities and compare them with experimental data. Conclusion is given in Section IV.
II. COARSE-GRAINED MODELS AND SIMULATION DETAILS

A. Coarse grained model of sPS
The general DPD model adopted in this work operates with the beads of equal size. To fulfill this requirement, we evaluated the volumes of functional groups from the standard Bondi table data used in the UNIFAC group contribution model, and we dissected sPS into three types of fragments of comparable size represented by soft-core beads as illustrated in Figure 1 . sPS monomer contains an ethylbenzene fragment and, if the monomer is sulfonated, a sulfonic acid group. Ethylbenzene is modeled as a dimer of two hydrophobic beads (B-C), and the deprotonated sulfonated group is modeled as a single S bead. B bead represents four aromatic carbons of the benzene ring, and C bead contains two aromatic carbons and two aliphatic skeleton carbons. Calculations of fragment volume and exact mapping of atoms onto the beads are shown in the supplementary material, Section S1. 62 S bead contains sulfur and three oxygens, making the CG mapping consistent with four heavy atoms in one DPD bead. To match the volume of polymer beads, the solvent bead W represents three water molecules. The corresponding bead size is 0.65 nm, estimated from the bulk density of liquid water. 63 We simulate sPS oligomers composed of 20 monomers each. The monomers are sulfonated in para position according the sulfonation level (defined as the fraction of sulfonated styrene monomers and denoted as SL), which is varied from 10% to 40%. The sulfonated monomers are uniformly distributed among the chain, as shown in Figure 1 
B. DPD forcefield
We employed the conventional DPD scheme 64 with the beads interacting via pairwise conservative soft repulsive
(1)
All beads are assigned the equal effective diameter of R c = 0.65 nm. The soft repulsion force F (C) i j acts between overlapping beads:
, where a IJ is the repulsion parameter specific to given bead pair of types I and J. Following the standard approach to DPD simulations of self-assembly, 64 the intra-component repulsion parameters a II between beads of the same type are set equal, irrespective to the type. The beads are tightly packed at the reduced density of ρR c 3 = 3, common in DPD simulations. The Langevin thermostat is maintained by random and drag forces, acting between overlapping beads along the vector r i j connecting the bead centers. Random force F (R) i j that accounts for thermal fluctuations is taken proportional to the conservative force:
is a randomly fluctuating in time variable with Gaussian statistics. Drag force is velocity-dependent:
2 where v i and v j are the current velocities of the particles and v i j = v j − v i . We assume the common relationships between the drag and random force weighting functions w(r) and parameters σ and γ that determine the levels of energy fluctuation and dissipation (friction) w
r < R c and σ 2 = 2γkT. This allows one to maintain constant temperature in the course of simulation via the Langevin thermostat. We assumed γ = 4.5, the value commonly used in DPD simulations of water. 64 Beads in the chain are connected by FENE bonds
is bond rigidity, r 0 is equilibrium bond length, and r m is the maximum bond length. Following our recent papers, 56, [65] [66] [67] in addition to the nearest neighbor (1-2) bonds, we introduced the second neighbor (1-3) bonds in order to control the chain rigidity. Because the polymer conformation is an important factor affecting the segregated structure of hydrated sPS, which is relatively complex (compared to linear chains considered earlier 56, [65] [66] [67] ) and contains very rigid fragments, we also introduced the harmonic angle potentials between certain pairs of nearest neighbor bonds as shown in Figure 1 
Assuming the bead i and j are separated by another bead k, θ ik j refers to the angle between vectors ik and j k, θ 0 and K θ are the equilibrium angle and stiffness.
The electrostatic interactions are modeled using the smeared charge approach with the Slater-type charge density distribution with an exponential decay, 52, 67 i.e., f (r) = q π λ 3 exp − 2r λ , where λ is the effective smearing radius. The electrostatic force F (E) i j between charged particles i and j in Eq. (1) is expressed as
In the long range limit, the electrostatic interaction of smeared charges (Eq. (2)) reduces to the Coulomb potential. The standard Ewald summation 68 is used to account for longrange electrostatics. The smearing radius is set to λ = 0.25R c for all charged beads; this decision was made for technical reasons (the supplementary material of Ref. 61, Section S2). Similar suggestions can be found in recent DPD studies. 54, 57, 69 The last term
(1) models the forces between the proton bead P and bases that are water bead W and sulfonate bead S. The P-base interactions are modelled by the Morse potential, cut and shifted to zero at the cutoff radius r M ,
The Morse potential has a minimum at r i j = r 0 i j and is characterized by the strength parameter K IJ and effective steepness α IJ . F (M) i j applies to interactions of P beads with bases (S and W beads). That is, a P bead connected to a single S bead by Morse potential forms a neutral acid. Formation of a new Morse bond between the same P and another base (say, a W bead) leads to a formation of an intermediate complex (Figure 2 The overall potential of S-P-W complex (sum of Morse interaction energy between S and P beads, same for W and P beads, and repulsive interaction energy between S and W beads) versus proton transfer coordinate (distance between P and S divided by distance between S and W). When W bead is just in contact with S bead (r S-W = 1R c ), the potential has two minima separated by a barrier. As S and W overlap (r S-W < 1R c ), the minima merge into one, allowing proton bead to migrate freely from sulfonic acid to the water bead.
exceeds r M , leading to a breakup of the complex. The process is associated with a potential barrier that is overcome by thermal fluctuations in the system (Figure 2(b) ), which is similar to actual acts of proton transfer in aqueous solutions. If the Morse pair that dissociates is the original P-S pair, the entire process describes dissociation of the acid in water. In Ref. 61 , we show how through the sequence of formations and breakup of Morse bonds: P beads can "hop" between the bases (here sulfonates S and waters W), artificially mimicking the Grotthuss mechanism of proton diffusion. 61 The schematics is illustrated in Figure 2 . By adjusting the depth and steepness of the Morse potential, we were able to reproduce both proton mobility in bulk water and the dissociation equilibrium of the acid. Here, we use the same potentials and parameters as in simulations of benzenesulfonic acid.
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C. Non-bonded parameters
Following the most common DPD implementation, 63, 64 the intra-component repulsion parameters a II are assumed equal for all bead types I and determined from the compressibility of water, which gives a II = 78.5 kT/R c for R c = 0.65 nm. 61, 63 It is worth noting that although more elaborated approaches can be found in the literature, 70 the DPD parameterization 63, 64 is suitable for this relatively small size of coarse-graining. The inter-component repulsion parameters are mapped to the infinite dilution activity coefficient in solutions of reference compounds for different bead types. 56 We assume that hydrophobic beads B and C have the same short-range repulsion parameters with hydrophilic bead types (that is, a BI = a CI , where I = P, W, or S.). In order to estimate a BW , we choose ethylbenzene as a reference compound for hydrocarbon skeleton, and (similarly to Ref. 56) coarse-grain it as a symmetric dimer B-B. The bond length in the B-B dimer is equal to the length of B-C bond in the coarse grained sPS model and is found from energy minimized structures of small sPS fragments (see Table I ). We perform standard canonical MC simulations with Widom trial particle insertions and determined the calibration dependences γ ∞ (a WB ) for W beads in B-B dimer bath, as well as that for B-B dimer in the W bead bath. Using this approach, we obtain the calibration correlations between γ ∞ and ∆a WB = a WB − a WW . By interpolating the γ ∞ values of ethylbenzene and water, which is estimated from the experimental solubility or COSMO-RS thermodynamic model, 71 we obtain a WB values. This calibration procedure is the same as employed for other compounds, 67 and details are given in the supplementary material, Section S2. 62 A S bead that models the sulfonate anion is hydrophilic. Because parameterization techniques for ionic species are still poorly developed, we set a SW = a WW and imposed strong repulsion between S and hydrocarbon beads. (It is worth noting that the value of a SW < a WW is often used when electrostatic interactions are implicitly accounted for Ref. 14.) Proton P bead does not experience any short range repulsion from the bases or other P beads but is repelled from B and C beads. 61 The sPS model parameters are summarized in Table I . 
D. Bonded parameters
Parameterization of bond potentials was performed similarly to our recent paper. 67 We performed MD simulation of 10-unit oligomer of 100% sulfonated sPS in water using the force field parameters from Refs. 59 and 60 and calculated the distribution of distances between the centers of mass of polymer fragments corresponding to the different beads (see Figure 1) . The distributions are shown in the supplementary material, Section S3. 62 We fit bond parameters to achieve the best agreement between the MD distributions of distances between the molecular fragments and the DPD distributions of distances between the corresponding beads. Unlike previous simulations of linear chain molecules, 56, [65] [66] [67] the conformations of sPS are quite complex, and matching the conformations from atomistic simulations with the precision obtained for chain molecules 67 is not possible. However, the overall rigidity of the aliphatic skeleton is reproduced well.
III. RESULTS AND DISCUSSION
A. DPD simulations of hydrated sPS
Using the forcefield described above, we perform several DPD simulations of hydrated sPS at the sulfonation levels of 10%, 20%, and 40%. From water sorption data in pure sPS 72 and sPS-polyolefin block copolymers 73 (water sorption in the hydrophobic block was neglected), we estimated the correlation between SL and the saturated HL as HL = 1.44 × SL − 3.42. For a given sulfonation level, we modeled several systems at different hydration, ranging from half of the saturated hydration to fully saturated sPS. The DPD simulation is performed with NPT ensembles 74 as implemented in the DL_MESO DPD package, 75 with the target pressure equal to the pressure of pure coarse-grained water (p DPD = 70 at a = 78.5 and ρ = 3). System information is listed in Table II .
B. Segregation morphology
DPD simulations show that the hydrated sPS is segregated onto the aqueous and organic subphases. Figure 3 presents the morphology of the hydrophilic subphase shown in blue at different sulfonation and hydration levels. Similarly to nafion and other PEM, water forms separate small clusters at low hydration, which make an interconnected network as the hydration increases. To characterize the segregated structure, we employed a geometrical algorithm commonly applied to pore structure in solid porous adsorbents, because the hydrophilic phase essentially forms a network of pores in the hydrophobic matrix. 25 First, we created a lattice replica of each segregated sPS structure. 25 The lattice was cubic with a grid of 0.5R c . Each lattice site was assigned to either mobile aqueous or immobile polymer subphase based on the local composition of beads around that particular site. In order to assign a lattice site to either the mobile or immobile subphase, we calculate the site preference as follows:
Here, r l is the radius-vector to the center of lattice site l, r i is the radius-vector to ith bead, and t i is a mobility coefficient related to the bead type: t i = −1 for all mobile W beads and t i = 1 was assigned to all polymer beads (B, C, S). p(⃗ r l ) shows whether mobile or immobile beads prevail in the close vicinity of site l. If p is negative, site l is assigned to mobile (hydrophilic) subphase; otherwise site l is assigned to the immobile (hydrophobic) subphase. Note that S beads are treated as a part of immobile subphase. Even though they are hydrophilic, they are rigidly attached to the aliphatic skeleton. The situation differs from that in nafion, where the sidechains are much more flexible compared to the skeleton and may be considered as belonging to either subphase. 25, 27 The digitized morphologies are illustrated in the supplementary material, Section S4. 62 The pore size distribution (PSD) for the hydrophilic pore networks was obtained by Poreblazer software version 3.0.2. 76, 77 The distributions for the hydrophilic pore networks were obtained with algorithms based on the Connelly surfaces 78 and applied previously to both irregular 79 and regular porous materials. 76 Point X in the mobile subphase is assumed to belong to a pore of size larger than the given size d, if there exists a sphere of diameter d that includes X but does not include any of the lattice sites TABLE II. System information and simulation results. Abbreviations: SL, sulfonation level; HL, hydration level; λ, number of water molecule per sulfonate group; N sPS , N W , N P are number of sPS molecules, W beads, and P beads; time: simulation time in ns; box length: simulation box size in nm; D P , self-diffusion coefficient of the P bead (H + ); D W self-diffusion coefficient of water in estimated from W bead; α P , degree of dissociation of the P bead from S bead; σ, proton conductivity calculated from Nernst equation based on D H+ and N P . A/V is the accessible area per cubic volume. d is the average pore diameter. belonging to the immobile subphase. The total number of such pores provides the integral PSD function, V m (d), that is the volume of the space that belongs to the pores of diameters larger than d; the respective differential PSD is obtained as the derivative, −dV m /dd. For selected systems, the differential PSDs are shown in Figure 4 . Pore size distributions for all systems are in the supplementary material, Section S5.
62 Figure 5 shows that the segregation scale in hydrated sPS is indeed small compared to nafion, where the equivalent weight is much higher. 25 At low hydration levels, the pore sizes are comparable with R c , which means that the typical water aggregates only include several beads and may include only one. The total volume of the hydrophilic pores is, obviously, proportional to the hydration, and characteristic pore size increases with hydration. Even for 40% sulfonation level at saturation conditions, the characteristic pore size is limited to 2 nm, and the largest pores observed do not exceed 3 nm. This generally agrees with the MD simulations of potassium substituted sPS. 59 In all systems, the PSD is unimodal; a characteristic pore size can be identified for each system. The distributions are slightly asymmetric with a "tail" corresponding to larger pores that becomes more prominent as the total hydration increases. Figure 5 surface per unit volume area (calculation details described in the supplementary material, Section S5). 62 It is clear that the area depends mostly on hydration rather than on the sulfonation level: the results obtained in different systems fall onto the same curve. Thus, the segregation morphology for all systems with the same hydration level is similar and barely depends on the surface density of the sulfonate groups at the interface between the hydrophilic and hydrophobic subphases.
C. Water self-diffusion
We applied two different techniques for evaluation of water mobility. First, water self-diffusion can be directly calculated from the mean square displacement of water beads in the course of DPD simulation using the Einstein relationship. Since the DPD model cannot reproduce the hydrodynamics of hydrated sPS, we calculate not the diffusion coefficient per se, but its ratio to that in pure bulk coarsegrained water D W /D bulk . 80, 81 The other technique is based on the random walks simulation 25, 27 on the lattice replicas of segregated sPS structure as described in Section III B. We modeled water diffusion within the hydrophilic subphase as a simple random walk of a tracer particle within the mobile domain of the lattice replicas. Each walk started from a randomly selected lattice site that belonged to the hydrophilic subphase, and each step was an attempted move to one of the six sites that neighbored the current location. The move was accepted if the attempted site belonged to the mobile subphase. 10 4 random walks were performed on each of 400 replicas for proper averaging.
The two methods of estimation for water mobility appear to be similar, yet they differ qualitatively. Each random walk is conducted in a static lattice replica. That is, any change in the segregation structure (no matter how minor) is assumed to be infinitely slow compared to the water molecule diffusion. Such consideration excludes dynamic percolation effects entirely: 25, 27 if two clusters are not connected, they will never be connected. Evaluation of D W from DPD MSDs is on the other extreme: the segregation structure is allowed to evolve in the process of simulation, and the soft-core DPD potentials employed here may significantly overestimate the fluidity of the hydrophobic subphase. The difference between the two methods of water mobility evaluation is demonstrated by Figure 6 , which shows the dependence of water selfdiffusion on the sulfonation level at saturation conditions. As the sulfonation increases from 10% to 40%, saturation hydration grows from 10% (λ = 3) to 55% (λ = 10), and the volume of the mobile phase increases, respectively. In 40% sulfonates PS, both techniques predict D W /D bulk ≈ 0.25. Interestingly, this result agrees extremely well with our earlier atomistic MD simulation 59 (although the latter was carried out for metal-substituted PEM that may affect diffusion). In 20% sulfonated PS, the random walk technique shows a slightly lower D W compared to the direct method, and in 10% sulfonated PS, the two estimates differ by five orders of magnitude. The evolution of the segregated structure is the obvious reason for the difference, since in the course of DPD simulation, the hydrophilic aggregates are allowed to merge and split and thus water beads are exchanged and their overall mobility increases (these dynamic percolation effects were initially observed in earlier MD simulations of hydrated nafion, 82 although insufficient simulation time in MD does not allow to make sure such effects are indeed significant 83 ). Experimental data on water mobility in pure sPS are very sparse (most measurements have been performed on block copolymers). The gravimetric result from the study by Manoj et al. 72 is very close to the simulated D W /D bulk obtained directly from DPD simulations. This means that the dynamic percolation effects are indeed likely to be very significant in this system, as they are not accounted for in lattice random walk simulations, and the mobility of the W beads in DPD simulations accurately reproduces the actual mobility of water molecules in sPS. However, there is also a possibility that the FIG. 6. Self-diffusion coefficient of water compared to the bulk water mobility at different hydration level (SL10% at HL11%, SL20% at HL25%, and SL40% at HL55%). Black line is calculated directly from the MSD of the water from the simulation. Red line is calculated by using random walk approach in 400 static trajectories. The empty square shows the experimental data for 11% sPS (H + ) at 13 wt. % water adsorption. Filled circle shows atomistic MD result for 40% sPS (Ca 2+ ) at 54 wt. % water uptake.
percolation transition in experiments corresponds to lower hydration levels compared to simulations, but the absence of continuous pore network is compensated by the dynamic evolution of the network in DPD.
D. Proton dissociation
The proton self-diffusion and membrane conductivity are determined not only by the segregation morphology but also by the dissociation of the acid groups, which is modeled explicitly. The snapshots of the DPD configuration shown in Figure 3 display an expected picture: S beads, some protonated and some not, are located at the interface between the hydrophobic and hydrophilic subphases. To characterize the dissociation, we use the same criterion, as in Ref. 61 : a P bead is considered as dissociated if no S bead is found within the Morse cutoff radius r M from the P bead. The degree of dissociation α is the fraction of dissociated P beads. The dependence of α on the sulfonation and hydration levels is shown in Figure 7 .
Naturally, α increases with hydration and is mostly determined by λ, the number of water molecules per sulphonic group. In all systems, even for the highest λ considered, most P beads are associated with at least one S bead. It is worth mentioning that the dissociation constant of benzenesulfonic acid is K a = 0.2, unlike K a = 10 12 for triflic acid 84 that serves as a reference compound for nafion. Assuming that the activity coefficients γ of H + and PhSO = 1 assumption is only valid in dilute solutions and is not applicable in the systems of interest to this work. Yet, it is obvious that one can hardly expect full dissociation of protons in concentrated PhSO 3 H solutions, and therefore, the low dissociation degree in hydrated sPS is not surprising. At constant λ, α decreases with the degree of sulfonation (that is, with the surface density of the sulfonates at the interface between the hydrophobic and hydrophilic subphases), which is also expected. In the snapshots shown in Figure 3 , one may notice that in some cases, S and P beads form "clusters" or agglomerates consisting nearly entirely of charged beads with barely any W beads inside. Morse and electrostatic attraction between P and S beads overpower the conservative shortrange repulsion between S beads and the entropy that favors charged bead solvation by W beads. It is also illustrated in the supplementary material, Section S7. 62 This effect is probably artificial and shows the shortcomings of the simplistic DPD potentials, which do not correctly reproduce the actual short-range interactions between the beads. Despite this shortcoming, the general picture of ion solvation and dissociation in sulfonated sPS is quite reasonable and agrees with experimental data.
E. Proton mobility
Since the proton is incorporated directly into DPD calculations, we estimated the ratio of its self-diffusion coefficient to that of water from the MSDs of the P beads. In the water bulk, D P /D W ≈ 3.8: the proton is about four times as mobile as a water molecule thanks to the Grotthuss "hopping" mechanism. In hydrated PEM, the hopping mechanisms are also in effect: including proton transfer to and from sulfonate ions. In the latter case, the proton has to dissociate from the sulfonate and then overcome the electrostatic attraction to the sulfonate anion. As a result, the difference between water and protons self-diffusion in poorly hydrated PEM is not as significant as in the bulk water. Proton may diffuse even slower than water at low λ.
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Figure 8(a) shows the self-diffusion coefficient of water and proton in hydrated sPS related to the diffusion coefficient of bulk water. It appears remarkable that D W and D P data obtained for different sulfonation levels fall onto the same master curves and only depend on the hydration (the same figure in terms of λ is shown in the supplementary material, Section S6). 62 Water is indeed more mobile than the proton at low hydration. Hydration contributes to the proton diffusion more strongly than to the diffusion of water. At about 20% water content, water and proton diffusion coefficients become equal, and at higher hydration, proton diffuses faster than water: in sPS with 40% sulfonation D P /D W ≈ 2 at the saturated hydration of 55%. This ratio is two times lower than in bulk water. In experiments, a similar qualitative behavior was observed for PVDF-grafted-PSSA block copolymer. 85 Protons diffuse slower than water at λ = 5, but become faster than water at around λ = 10. In sPS, this crossover happens at lower λ = 6-7, because there is no distinct segregated morphology such as PVDF-g-PSSA and water diffuses much slower at low λ compared to that in PVDF-g-PSSA. Interesting enough, proton diffusion coefficient reaches 10 −5 cm 2 /s for similar values of λ = 10 in both sPS and PVDF-g-PSSA. In nafion, where dissociation is more facile due to much higher K a , D P is generally higher than in PEMs with benzenesulfonic acid groups 86 and D P /D W > 1 even at low λ, but qualitatively D P (λ) is very similar. Thus, the proposed DPD model reproduces the mechanism of proton mobility in hydrated PEM at least on a qualitative level. To compare calculated mobilities with experimental data, we estimated the conductivities of hydrated sPS from proton self-diffusion coefficients using the Nernst equation,
where F is the Faraday constant and C H + is the overall proton concentration. Figure 8 (b) presents the proton conductivity in sPS fully saturated with water. The experimental data are derived from Ref. 87 . The experimental conductivities are only available for sulfonation levels between 10% and 20%; the water content is not reported in Ref. 87 , but we calculated it from sulfonation using the experimental sorption data. The calculated conductivities are of the same order of magnitude as the experimental ones but show more gradual dependence on the hydration level. In particular, we underestimate the conductivity at high hydration. The possible reason are the artificial S-H "clusters" noted above, since the protons that belong to such cluster are less mobile in simulations compared to the experiment.
IV. CONCLUSIONS
We applied the DPD proton transfer model developed earlier 61 for the systems with protonation equilibria to modeling self-assembly and transport in sulfonated polystyrene, which is of special practical interest for the hydrophilic component in several prospective proton-exchange blockcopolymer membranes for fuel cells. The proposed approach offers several important advances: (1) the smeared charge model allows for explicit consideration of electrostatic interactions, (2) the dissociating Morse bonds between the proton (which is introduced as a separate bead) and the base beads (water and the anion) establish the dissociation equilibrium between protonated and deprotonated forms of the acid, and (3) the proton transfer model artificially mimics Grotthuss mechanism of proton diffusion. The Morse potentials are parameterized from the experimental properties independent of the system under consideration: parameterization is based on the known proton mobility in pure water and the benzenesulfonic acid dissociation constant and does not involve any data on the hydrated polymer. Additionally, the short-range conservative repulsion parameters are parameterized from the infinite dilution activity coefficients of reference compounds, and the bond potentials are parameterized from atomistic MD simulations of sPS fragments.
DPD simulation provides a physical insight into the hydration-induced nanoscale segregation of sPS into irregular hydrophilic and hydrophobic subphases. The segregation morphology, its evolution upon hydration, and characteristic scales are correctly reproduced. Sulfonate groups are located at the interface between the hydrophilic and hydrophobic subphases. Acid is partially dissociated; the dissociation degree increases approximately linearly with the hydration level and depends on the sulfonation level. With the increase of hydration, the connectivity of the hydrophilic subphase increases with the clear percolation transition from the system of water clusters to the 3D network of transport channels. The hydrophilic subphase can be considered as a network of pores in the hydrophobic matrix. For the first time, we have performed a quantitative analysis of the area of the hydrophilic-hydrophobic interface and the size distribution of transport pores, which provides additional information on the structure of self-assembled polyelectrolytes.
The most interesting results are found by modeling water and proton transport in nano-segregated sPS. Water self-diffusion was estimated directly from the mean square displacement of water beads in the process of DPD simulation and showed a remarkable agreement with experimental results (at low hydration) and atomistic MD results (at high hydration). We found a confirmation for the dynamic percolation effects predicted earlier in atomistic MC simulation of Nafion. 25 We aslo performed the random walk simulation on the digitized replicas of segregated structure snapshots, which showed much slower diffusion at low hydration levels, but the same diffusion at higher hydration levels. We attribute this difference to the dynamic percolation effects: 82 water aggregates merge and break up due to thermal fluctuations mimicked in the course of DPD simulation, and this dynamic effect is ignored in static digitized replicas of structure snapshots. Proton mobilities obtained from DPD are in reasonable agreement with experimental data: they are lower than the mobility of water molecule at low hydration levels and higher at high hydration levels. The conductivities estimated from the self-diffusion coefficients using the Nernst equation are also in qualitative agreement with the experiments. Overall, the modeling approach presented here is promising for mesoscale simulations of proton-exchange membranes. A lack of reliable techniques for parameterization of the short-range interactions between the charged species as well as of charge smearing parameters remains a serious problem; we suspect that the unphysical clustering between sulfonate and proton beads found in some systems originates from underestimation of the short-range repulsion. Alternatively, the activity coefficient and/or the radial distribution functions in reference electrolyte solutions can be used as target properties for parameterization of short-range interactions and charge distributions.
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